Abstract A comparative study was performed to investigate the differences and similarities of the neuropathological findings in the parkinsonismdementia complex (PDC) and amyotrophic lateral sclerosis (ALS) of Guam, progressive supranuclear palsy and classic ALS. Based on the findings, it is proposed that (a) PDC is a discrete disease entity, (b) NFTs in Chamorro ALS are merely a background feature widely distributed in this population, (c) Chamorro ALS is a disease combined with classic ALS and neurofibrillary degeneration, (d) thus a subtype of "Guam ALS" is not present, and (e) PDC and ALS of Guam are different diseases.
Introduction
Since the discovery of high incidence of amyotrophic lateral sclerosis (ALS) and parkinsonism-dementia complex (PDC) in Guam after World War II [2, 16, 18, 23, 50] , it was thought Guam ALS was an unique disease diffferent from classic ALS elsewhere [14, 25] . An Unitarian theory that Chamorro PDC and ALS were a single disease entity with different clinical and pathological spectra of expression was proposed by various investigators in the ensuing years [4, 6, 10, 14, 16, 17, 18, 25, 39, 47] . It was based on the observations of overlapping of neuropathological features in both diseases. To date, the controversy is still going on. In addition to this confusion, vertical gaze palsy was reported in PDC in recent years [3, 24, 45] , which has raised another question of the presence of progressive supranuclear palsy (PSP) in the Chamorro population and requires clarification.
The present study included 175 autopsies performed by the author and colleagues on Guam between 1979 and 1982 as a cooperative study with NINCDS, NIH. Those were clinicopathologically diagnosed as PDC (50 cases), ALS (11 cases), PDC with ALS (PDC-ALS) (5 cases) and others. In addition, two cases autopsied in 1993 were available for the examination.
Based on the findings on these cases and other neurodegenerative diseases in Japan, and the findings reported so far, a comprehensive study was performed to investigate the differences and similarities among PDC and ALS of Guam, PSP and classic ALS.
Neuropathology of the parkinsonism-dementia complex

Brain atrophy
The average brain weight of PDC patients was about 1070 g. The cerebrum showed diffuse atrophy accentuated in the frontal and temporal lobes. The thickness of the cerebral cortex II/20 was generally reduced, especially in the hippocampus and parahippocampal gyrus (Fig. 1a) . The basal ganglia and thalamus showed moderate atrophy, and the white matter of the cerebrum and brainstem was diffusely atrophic. The lateral and third ventricles were moderately dilated. The midbrain and pons showed atrophy that paralleled that of the cerebrum. The pigmentation of the substantia nigra and locus ceruleus was competely depleted (Fig. 1b) . But the volume of the superior colliculus (Fig. 1b) , cerebellum and medulla oblongata was preserved [30, 34] .
Cerebral cortex and white matter
The topographic distribution of brain atrophy was roughly coincided with that of neuronal loss and neurofibrillary tangles (NFTs) [18, 19, 30, 34] . Complete loss of neurons was seen in the Sommer sector, and severe to moderate loss was observed in the temporal, insular and frontal cortices. Many NFTs were observed in the Sommer sector, parahippocampal gyrus, temporal neocortex, and frontal cortex [18, 19, 30, 33] . The NFTs were immunopositive for tau (Fig. 1c) [27, 42] , ␤ [22, 41] and Apo E [5] , and mostly composed of paired helical filaments (PHFs) and partly of straight tubules (STs) (Fig. 1d ) [15, 30, 33] . Much granulovacuolar degeneration and many Hirano bodies were seen in Ammon's horn [15, 18, 30] . Except in a few cases, senile plaques were only rarely observed in the majority of cases [18, 30] . Curly fibers/threads were rarely seen (Fig. 1c ) [30] , and ballooned neurons, Pick bodies or spongiform changes were absent.
The cerebral white matter showed severe atrophy, but myelin pallor was not obvious in most cases [30] .
Basal ganglia and thalamus
The basal nucleus of Meynert showed severe loss of large neurons and many NFTs [18, 26, 28, 32] . The number of large neurons in the neostriatum was decreased to 40 % of that in Fig. 1 a Coronally cut surface of brains of a patient with parkinsonismdementia complex (PDC) (on the right) and an age-matched non-PDC non-amyotrophic lateral sclerosis (ALS) subject (on the left). b Severe depletion of the pigmentation in the substantia nigra of a patient with PDC (on the right). The size of the superior colliculus looks relatively well preserved. On the left, the midbrain of a non-PDC non-ALS subject. c A number of neurons in the cerebral cortex in PDC show robust immunohistochemical staining for human tau protein. The extracellular ghost tangles were negative for the staining. X510. d Electron micrograph of neurofibrillary tangles (NFTs) in a neuron in the subiculum of a PDC patient. The NFTs are composed mainly of 11-to 25-nm-wide paired helical filaments (PHFs) with a periodicity of 63 to 87 nm. Uranyl acetatelead citrate. X55000.
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controls, and that in the nucleus accumbens to 10 % of the control level [32] . The large neurons in the basal nucleus of Meynert and neostriatum were correspondingly decreased. Remaining large neurons in the neostriatum frequently contained NFTs/tau protein (Fig. 2a) composed of PHFs mainly and STs partly (Fig. 2b) [32] . The globus pallidus showed moderate neuronal loss and NFTs.
The thalamus showed moderate neuronal loss and NFTs in the lateral nucleus and slight loss of neurons with NFTs in the medial nucleus [30] . Severe loss of neurons and many NFTs were evident in the hypothalamus [18, 30] . The subthalamic nucleus showed slight loss of neurons and a small number of NFTs [30] .
Brain stem
Extremely severe neuronal loss was observed in the substantia nigra [18, 30] and ventral tegmental area. Lewy bodies were rare. Severe loss of neurons and many NFTs were seen in the locus ceruleus and superior central nucleus [18, 30] . NFTs in the locus ceruleus were composed of both PHFs and STs [30] . The pedunculopontine and pontine nuclei showed relatively many NFTs with slight neuronal loss. The superior colliculus contained a small number of NFTs, but the number of large neurons in the deeper layer was preserved [30] .
Cerebellum
The numbers of Purkinje and granule cells were preserved. Although a small number of NFTs were observed in the dentate nucleus, no neuronal loss was evident and no grumose degeneration was seen [30] .
Spinal cord
No marked degeneration was observed in the white matter. The anterior horn cells appeared shrunken, but were not reduced in number. A small number of NFTs composed of STs were observed in the intermediate zone and posterior horn, and occasionally in the anterior horn [33] .
Glial inclusions
Tau-immunopositive and Gallyas-positive glial inclusions were observed in the patients with PDC. Granular hazy inclusions were observed in the astrocytes in the amygdaloid nucleus, motor cortex, and inferior olivary nucleus (Fig. 3a, b ) [31] . Crescent/coiled inclusions were present in the oligodendroglia of the anterior nucleus of the thalamus, motor cortex, midbrain tegmentum, and the pyramids (Fig. 3c, d ) [31] . Tufted astrocytes [11, 49] were rarely observed, and astrocytic plaques, which have been considered as a specific finding of corticobasal degeneration (CBD) [11], were not seen.
Neuropathological comparison between PDC and PSP
Cerebral cortex
The cerebrum of typical PSP patients was relatively well preserved, and the brain weight was not significantly decreased [43] , although severe to moderate loss of neurons was observed in the cerebral cortex in PDC [18, 30] . It was reported, however, that PSP patients show many NFTs in the cerebral cortex [13, 20] . These NFTs were located in the superficial layers [20] , resembling the appearance of PDC [21] . In our experience, however, the NFTs in the cerebral neocortex in PSP patients were composed mainly of STs [44] , as reported previously in the subcortex [46] , whereas PHFs were mainly present in the cerebral cortex in PDC [15, 30] .
Basal ganglia
The large neurons in the neostriatum and the nucleus accumbens in PSP patients decreased diffusely without an accentuation in the nucleus accumbens, and the remaining large neurons frequently contained NFTs. The NFTs were composed mainly of STs and partly PHFs [36] . The number of large neurons in the basal nucleus of Meynert was preserved in PSP II/23 [35] . Involvement of the subthalamic nucleus was severer in PSP than in PDC [30] .
On the other hand, the large neurons in the basal nucleus of Meynert and neostriatum were correspondingly decreased in PDC. Remaining large neurons in the neostriatum frequently contained NFTs composed of PHFs mainly and STs partly in PDC [32] .
Brain stem
Loss of neurons in the substantia nigra in PSP patients was extremely severe both in the pigmented and nonpigmented neurons. The involvement of nonpigmented neurons in the pars reticulata was complete [38] , and the finding was different from that of PDC, in which nonpigmented neurons decreased diffusely, but compared with pigmented neurons, they were relatively well preserved in the substantia nigra [38] . Involvement of the superior colliculus in PDC was milder than that of PSP, and the loss of neurons in the ventral tegmental area in PDC was severer than that in PSP [30] .
Glial inclusions
Many tufted astrocytes [11, 49] were observed in PSP patients, whereas granular hazy astrocytic inclusion bodies, which were observed in PDC [31] , were not evident in PSP; on the other hand, tufted astrocytes were scarcely evident in PDC [31] .
Nature of ALS on Guam
Among 175 autopsy cases, 16 Chamorros were diagnosed clinicopathologically as ALS, and these included 2 cases of classic ALS and 5 cases of combined PDC-ALS. These Chamorro ALS patients clearly showed the pathology of classic ALS, i.e., loss of Betz cells, degeneration of the lateral and anterior corticospinal tracts (Fig. 4a) , loss of anterior horn cells and neurons in the hypoglossal nucleus, and presence of Bunina bodies (Fig. 4b) and skein-like inclusions. Relative preservation of Clarke's column, the intermediolateral nucleus and Onuf's nucleus was evident. While the two classic ALS cases that we studied showed a very small number of NFTs, the other 9 ALS patients showed relatively many NFTs and slight degeneration of the substantia nigra, and the 5 combined PDC-ALS cases showed a combination of above-mentioned PDC pathology and ALS pathology [33] .
Bunina bodies in Chamorro ALS
Investigation of the Bunina bodies is inevitably important in ALS research to pursue the pathoetiology and pathomech- anism. It seems to serve as a finding essential to study the pathogenesis of Chamorro ALS, and factor conclusive to the open question whether Chamorro ALS is the same disease as classic ALS or a different disease. In Chamorro ALS, however, not a precise histochemical and immunohistochemical study, nor an intensive ultrastructural examination was reported.
In our study on histochemistry on Bunina bodies, the findings were consistent with classic ALS [48] . The immunohistochemical study showed that cystatin-C antibodies were intensely labeled Bunina bodies in Chamorro ALS (Fig. 4c ) [48] . It was found by a topographic study that Bunina bodies were distributed in the spinal anterior horns and Clarke's column in the spinal cord. Ultrastructural features of Bunina bodies were composed of an electron-dense amorphous/ granular material accompanied by vesicular structures and neurofilaments (Fig. 4d) [48] . These results revealed that pathological features of Bunina bodies in Chamorro ALS were quite identical with those of classic ALS and strongly suggested that the similar degenerative process existed in the anterior horn cells in the spinal cord with Chamorro ALS and classic ALS [48] .
NFTs as a background feature in Chamorro ALS
In the central nervous system of Chamorro ALS, NFTs and loss of neurons have been observed extensively, especially in the regions affected in PDC, in addition to the typical neuropathological features of classic ALS [17, 33] . Because the topographic distribution of NFTs, and of the neuronal loss related them, is similar to that in PDC, because patients with combined ALS and PDC have been identified clinically and pathologically, and because ALS as well as PDC patients are sometimes admixed within a family, it has been proposed that Chamorro ALS and PDC are a single disease entity and that Chamorro ALS is a disease different from classic ALS [14, 25] . However, NFTs, which are a basic feature of PDC and Chamorro ALS, have not been investigated in detail or in large series. It is essential for this kind of evaluation to be performed not only in Chamorro ALS and PDC patients, but also in non-PDC non-ALS Chamorro subjects to assess any significant discrepancy from the background distribution in the population. We therefore conducted a detailed quantitative investigation of NFTs in non-PDC non-ALS Chamorro subjects, and also Chamorro PDC, ALS and PDC-ALS patients.
The topographic distribution of NFTs was basically the same in each disease, and also in the non-PDC non-ALS group. There were relatively few, if any, NFTs in non-PDC non-ALS subjects and ALS patients, but in PDC and PDC-ALS patients there were many, especially in the frontal and temporal neocortex [33] . NFTs were found in the Sommer sector and parahippocampal gyrus in all of non-PDC non-ALS, PDC, ALS, and PDC-ALS, without any evident difference among them. In the gyrus occipitalis temporalis lateralis, however, the number of Bodian-stained NFTs seemed to be distinct in every group. Non-PDC non-ALS and ALS had less than 123 NFTs, and PDC and PDC-ALS had more than 194 in this region. In the gyrus frontalis superior, non-PDC non-ALS and ALS had less than 12 NFTs, whereas PDC and PDC-ALS showed more than 56 [33] .
Thus the studies on so-called Chamorro "control cases" demonstrated that NFTs are the universal neuropathology of aging Chamorro brains. The NFTs in Chamorro ALS are merely a background feature widely distributed in this population [1, 4, 9] . These findings indicated (1) classic ALS does exist on Guam, (2) the mechanism of motor neuron degeneration in Chamorro ALS is basically different from that in PDC, and (3) the cases of combined PDC-ALS are supposed to suffer from two distinct diseases of the central nervous system. The authors think
Guam ALS = Classic ALS + NFTs? Guam ALS ≠ PDC ? The finding that ALS is disappearing while PDC is still prevalent on Guam [7, 12, 29, 40] may support the consideration.
Newly appering neurodegenerative disease on Guam
Parkinsonism, dementia and vertical gaze palsy in a Guamanian with atypical neuroglial degeneration In addition to rigidity, tremor, bradykinesia and dementia, ocular signs have been observed in patients with PDC [8, 16] . With respect to the characteristics of eye movements in PDC, intact ocular motility (except for impairment of convergence) [16] , diminished spontaneous eye blink [8] , upward vertical gaze palsy (although this occurs rarely) [8] , and supranuclear disturbance of ocular motility [24] have been reported. On the other hand, neuropathological findings that are typical of PDC have even been reported to occur in patients with PSP-like syndrome [3] .
A 58-year-old Chamorro female patient, who died in 1993, was examined clinicopathologically. At the age of 51, she suffered from hemiparkinsonism, then bradykinesia, rigidity without tremor, and dementia. Extrapyramidal symptoms developed, and at the age of 57, vertical gaze palsy was noted. The clinical diagnosis was PDC with vertical gaze palsy. The brain showed atrophy in the frontal and temporal lobes, and the atrophy was accentuated in the dentate gyrus, Ammon's horn and parahippocampal gyrus. The substantia nigra and locus ceruleus were completely depigmented. Numerous NFTs were seen in the subiculum and amygdaloid nucleus. Many NFTs were evident in the parahippocampal gyrus, lateral occipitotemporal gyrus, insula, Sommer sector, basal nucleus of Meynert, lateral nucleus of the thalamus, subthalamic nucleus and brain stem. The Sommer sector, substantia nigra, locus ceruleus and basal nucleus of Meynert showed severe loss of neurons. These findings were apparently consistent with those associated with PDC. However, in this patient, severe neuronal loss was seen in the subthalamic nucleus and lateral nucleus of the thalamus, and grumose degeneration, which has not previously been reported in PDC, was seen in the dentate nucleus. In addition, many tufted astrocytes, which have been reported to occur in PSP [11] and postencephalitic parkinsonism, but scarcely observed in PDC, were present. Furthermore, astrocytic plaques, which have been considered as a specific finding of CBD [11] , were observed in the cerebral cortex. On the other hand, granular hazy astrocytic inclusions, previously reported to occur in PDC [31] , were not seen. Chromatolytic neurons were not observed. The question thus arises as to whether it is appropriate to consider this patient as having suffered from a combination of PDC + PSP + CBD. From the view points of absence of granular hazy astrocytic inclusions and chromatolytic neurons, and of tufted astrocytes in the neostriatum, it is conceivable that this patient is a case of a new disease entity [37] .
Considering that the clinical diagnosis of the present patient was PDC, study of Guamanians ought to be made based on the precise neuropathological examination.
Conclusions
PDC is a discrete disease entity, NFTs in Chamorro ALS are merely a background feature widely distributed in this population, thus Chamorro ALS is a disease combined with classic ALS and neurofibrillary degeneration, a subtype of "Guam ALS" is not present, and PDC and ALS of Guam are different diseases. 
